Objectives The adhesion of colloidal probes of stainless steel, glass and cellulose to Pseudomonas fluorescens biofilms was examined using atomic force microscopy (AFM) to allow comparisons between surfaces to which biofilms might adhere. Results Biofilm was grown on a stainless steel substrate and covered most of the surface after 96 h. AFM approach and retraction curves were obtained when the biofilm was immersed in a tryptone/soy medium. On approach, all the colloidal probes experienced a long non-contact phase more than 100 nm in length, possibly due to the steric repulsion by extracellular polymers from the biofilm and hydrophobic effects. Retraction data showed that the adhesion varied from position to position on the biofilm. The mean value of adhesion of glass to the biofilm (48 ± 7 nN) was the greatest, followed by stainless steel (30 ± 7 nN) and cellulose (7.8 ± 0.4 nN). Conclusion The method allows understanding of adhesion between the three materials and biofilm, and development of a better strategy to remove the biofilm from these surfaces relevant to different industrial applications.
Introduction
Microorganisms can develop biofilms on many surfaces. Characterising biofilm adhesion is challenging, particularly during the early stages of formation when the thickness is small. An alternative is measuring adhesive forces directly using atomic force microscopy (AFM).
AFM can be used to measure forces in the nanoNewton to picoNewton range (Dorobantu et al. 2012) and is therefore appropriate for characterising bacterial adhesion. However, rather than attach a single cell to a tipless cantilever (Kang and Elimelech 2009 ) and investigate its adhesion to different surfaces, the approach here followed that of Puricelli et al. (2015) in sourcing colloid probes of stainless steel, glass and cellulose, attaching these to AFM cantilevers, and measuring their adhesion to biofilms of Pseudomonas fluorescens, chosen as a model organism. These materials have wide applications in industry. It was presumed their adhesion to the surface of a biofilm would also represent adhesion of a biofilm to them.
At neutral pH, bacteria and most inert surfaces are negatively charged whilst the size of bacteria in biofilms is similar to that of colloidal particles. This suggests that classical Deyaguin-Landau-VerweyOverbeek (DLVO) theory might be used to describe bacterial adhesion to surfaces. However, there can also be hydrophobic interactions in bacterial adhesion and self-agglutination (Liu et al. 2004; Shephard et al. 2010) . van Oss et al. (1988) extended DLVO theory to include such hydrophobic interactions. It is also possible that steric repulsion due to extracellular polysaccharides (EPS) may affect adhesion (Li and Logan 2004) . AFM data were interpreted in light of these considerations.
Materials and methods
Single stainless steel (READE), glass (Polysciences Inc) and cellulose (Sigma Aldrich) colloidal microparticle probes were attached to a tipless AFM cantilever (NCL-20, Windsor Scientific Ltd.) with epoxy resin (Fig. 1) .
Pseudomonas fluorescens NCIMB 9046 biofilms were prepared and their morphology characterised using confocal laser scanning microscopy, as described in Fig. 2 .
The biofilm was covered with tryptone/soy medium during force measurements. A NanoWizard II atomic force microscope with CellHesion module (JPK Instruments) was used to generate approach and retraction force-distance curves for each probe type. For each probe two biofilms were tested, each at 6 different positions. Figure 2 shows that most of the substrate surface was covered by biofilm about 33 lm thick. The volumes of EPS, live and dead cells were 62, 55 and 28 lm 3 respectively. There appeared to be a substantial polymer (EPS) layer at the surface of the biofilm. Fig. 1 Microscopic image of a glass colloidal probe of approximate diameter 20 lm immobilized at the apex of a tipless atomic force microscope cantilever (dashed-line circle). Scale bar = 50 lm Fig. 2 Three-dimensional confocal laser microscopic image of a 174.6 lm square, 96 h old, P. fluorescens biofilm on a stainless steel substrate. The substrates were prepared by soaking in 1 % (w/v) Virkon solution overnight, in acetone for 30 min, and in 1 M sodium hydroxide solution for 1 h, with intermediate and final rinses with distilled water, followed by drying at 60°C for 1-2 h. Clean dry substrates were autoclaved at 121°C for 15 min in tryptone soy medium containing 0.25 % (w/v) glucose, which was then inoculated with approximately 10 6 cells ml -1 of P. fluorescens from an overnight shake flask culture. After 96 h at 25°C, the biofilm on the substrate was rinsed twice with phosphate buffer solution. It was then stained with a BacLight bacterial viability kit and Calcofluor White M2R (Sigma-Aldrich) and then imaged under oil immersion using TSC SPE confocal laser scanning microscopy (Leica Microsystems). Images were processed using daime software (Daims et al. 2006) to identify live cells (green), dead cells (red) and extracellular polysaccharides (blue). A series of images was taken in the vertical direction at 2 lm intervals Example approach curves for all probe types are shown in Fig. 3 . Considering the approach curve for stainless steel as an example, no interaction was observed when the separation distance was over 150 nm. There was then a non-linear interaction from 150 to 0 nm (contact with the biofilm surface), by which time the cantilever was deflected up to 16 nm due to a repulsive force. Once contact was made, further increase in repulsion was observed from distance of 0 to -29 nm. The biofilm was then indented by the probe in the so-called constant compliance region where the deflection and distance vary linearly. The glass probe showed similar behaviour but there appeared to be very long range interactions for the cellulose probe.
Results
Upon approaching the biofilm, the cellulose probe experienced a strong repulsive force with a mean of total non-linear distance of 670 ± 90 nm as presented in Table 1 . The repulsive interaction was weaker for stainless steel and glass (72 and 69 % decrease of total non-linear distance, respectively).
A typical retraction curve for a stainless steel colloidal probe is shown in Fig. 4 . The slope in the constant compliance region was nearly constant as the cantilever was moved away from the cell. The probe was then pulled off the biofilm until the adhesive force was zero and there was no longer interaction between probe and biofilm. The maximum adhesive force was 8.1 nN in this case.
All maximum adhesive forces are shown in Fig. 5 . Although the adhesive forces varied from position to position on the biofilm, stainless steel and glass probes showed generally greater adhesion (30 ± 7 nN; range 6-68 nN and 48 ± 7 nN; range 9-94 nN respectively) than cellulose (7.8 ± 0.4 nN; range 5-13 nN). The general trend was greatest adhesion of P. fluorescens biofilm to glass, followed by stainless steel, and finally cellulose.
Discussion
Upon approaching the biofilm surfaces, all the probes experienced a non-contact phase over 100 nm long (Fig. 3) . This is well beyond the likely range of electrostatic or van der Waals forces. It is probable that that there may have been steric repulsion due to the existent polymer brushes of EPS on the biofilm surface (Jasevicius et al. 2015) . The differences between the probes in the non-contact region might also be due to their hydrophobicity. Stainless steel is more hydrophobic than glass (Butt 1994 ) and cellulose (Karlsson and Gatenholm 1999) . The hydrophilic nature of cellulose would result in its increased difficulty in approaching the biofilm, as suggested by the long non-contact region visible in Fig. 3 . This supports suggestions that classical DLVO theory provides poor agreement with experimental observations and that the theory must be augmented with forces such as steric repulsion and hydrophobic interactions to adequately predict cell adhesion (van Oss 2003) . Whilst a probe was in contact with the biofilm, EPS might have adhered to the probe, leading to the behaviour seen in Fig. 4 . There are multiple peaks in the force-distance curve possibly caused by successive breakage of polymer chains attached to the probe. The stainless steel exhibited a pull-off distance of 153 nm, which is defined as a distance between the maximum adhesive force presented in the retraction curve and a point where the probe is no longer in contact with the biofilm. The area between the base line and the curve can be used to calculate the adhesive energy, which may be important to determine the removal of biofilm by mechanical forces, e.g. fluid flow.
The adhesive forces calculated from the retraction data varied from position to position (Fig. 5) . These variations might be due to the heterogeneous nature of biofilms (Fig. 2) . However, on average there was significantly greater adhesion of glass and stainless steel to the biofilm than cellulose, which might also The errors represent the standard error of the mean from two independent biofilms (each tested at 6 different positions). A negative value of contact phase is a length of probe which is in contact with a polymer on biofilm surface before reaching the constant compliance region Fig. 4 A representative retraction curve for stainless steel colloidal probe from P. fluorescens biofilm at zero contact time. Region D the constant compliance region during retraction; Region P the maximum pull-off distance; Region R a region where there is no longer interaction between the colloidal probe and the biofilm surface; and F the maximum probe-biofilm adhesive force be due to the hydrophilic nature of the latter. The stainless steel and glass (or silica) values are higher than found in other studies (Sheng et al. 2007; Yuan and Pehkonen 2009; Abu-Lail et al. 2007 ) but the adhesive forces will depend on the instrumentation, experimental conditions and strain of Pseudomonas so the method was a useful way to compare these materials. The difference in adhesion between the 3 types of colloidal probe and the biofilm shown in this study implies that different amounts of energy is required to remove the biofilm from the surfaces made of these materials. In industry, there is a standard procedure called ''clean-in-place'' to remove fouling deposits including biofilm from surfaces. By understanding the adhesion of a given fouling deposit on surface, it should be possible to clean the surface with minimum amounts of water, chemicals and heat.
Conclusions
Interactions between three different material probes and P. fluorescens biofilms showed that the probes experienced repulsive forces for more than 100 nm prior to contact. This indicates the involvement of steric repulsion and hydrophobic interactions probably due to EPS in the biofilms. During retraction, glass gave the greatest adhesive force. The method used here allows comparisons between surfaces to which biofilms might adhere, and can be extended to any material for which a colloidal probe can be prepared. Moreover, the results obtained may help to remove the biofilm from these surfaces more effectively, which can find applications in cleaning of water systems including industrial fermenters, and textile fabrics. 
